Batch experiments were conducted to examine the effects of high concentrations of 1,1,1-trichloroethane (TCA) on the biotransformation of TCA by Clostridium sp. strain TCAIIB. The biotic dehalogenation of TCA to 1,1-dichloroethane by nongrowing cells was measured at 35°C, and the data were used to obtain the kinetic parameters of the Monod relationship half-velocity coefficient K, (31 ,uM) and the coefficient of maximum rate of TCA biotransformation (kTCA; 0.28 ,umol per mg per day). The yield of biomass decreased with an increase in the TCA concentration, although TCA concentrations up to 750 ,uM did not completely inhibit bacterial growth. Also, kTCA was higher in the presence of high concentrations of TCA. A mathematical model based on a modified Monod equation was used to describe the biotransformation of TCA. The abiotic transformation of TCA to 1,1-dichloroethene was measured at 35°C, and the first-order formation rate coefficient for 1,1-dichloroethene (ke) was determined to be 0.86 per year.
1,1,1-Trichloroethane (TCA) is one of the most frequent contaminants found in groundwater that is used as a drinking water supply in the United States (25) . It is considered to be relatively stable. However, abiotic transformation of TCA has been observed under laboratory conditions, and 1,1dichloroethene (DCE) and acetate were the detected degradation products (6, 14, 15, 18, 22, 24) . Vogel and McCarty (22) reported that TCA is transformed in groundwater at 20°C and determined the first-order formation rate for DCE (ke) to be 0.040 per year.
Although TCA has been found to have an inhibitory effect on methanogenic cultures (21) , it can be biotransformed under anaerobic conditions (7, 10, 12, 16, 17, 23) . 1,1-Dichloroethane (DCA) has been shown to be the major transformation product if TCA is subjected to degradation by pure cultures of clostridia, Methanobacterium thermoautotrophicum, and Desulfobacterium autotrophicum (7, 10) . Vogel and McCarty (23) have found that DCA is an intermediate of TCA biotransformation and that DCA is further dehalogenated to chloroethane and CO2 in methanogenic mixed cultures. The same methanogenic culture was also capable of transforming DCE to chloroethene.
In this study, the effect of TCA on the biotransformation by Clostridium sp. strain TCAIIB at 35°C was investigated, and the results were compared with the abiotic transformation of TCA measured under the same conditions. The experimental data from TCA biotransformation were used to obtain the kinetic parameters for a mathematical model based on the Monod relationship.
MATERIALS AND METHODS
Chemicals. The chlorinated aliphatic compounds used in this study, TCA (99+%), DCA (97%), and DCE (99%), were obtained from Aldrich Chemical Co., Inc. (Milwaukee, Wis.).
Organism and culture conditions. Clostridium sp. strain TCAIIB (10) was grown at 35°C in medium C as described previously (10) . All experiments were performed in an anaerobic glove box (10) . * Corresponding author. Biotransformation studies. Serum bottles with a total volume of 118 ml were filled with 50 ml of medium C, sealed with gas-tight Teflon (E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.) mininert valves (Precision Sampling Corp., Baton Rouge, La.), and autoclaved (10) . Sterile stock solutions of chlorinated aliphatic hydrocarbons were prepared as described previously (10) . To obtain a given concentration of chlorinated aliphatic compounds, a measured volume of stock solution was injected into the serum bottles based on the Henry law constants at 35°C (13) and on the relative volume of headspace to liquid in the bottles. The bottles were inoculated and incubated in the vertical position in a 35°C chamber on a rotary shaker at 120 rpm. It was verified that the medium did not alter the Henry law constants. Results of preliminary studies indicated that the incubation time to achieve equilibrium between the headspace and the liquid culture was less than 20 min, when the chlorinated compounds were injected into prewarmed bottles.
Periodically, sterile samples from the headspace were taken inside the environmental chamber to be analyzed for volatile halogenated compounds; samples were also taken from the liquid culture. These samples were assayed for protein concentration. After each sampling, the bottles were filled inside the anaerobic glove box with the same volume of sterile gas mixture from the anaerobic chamber that was withdrawn by the sampling procedure. The small loss of chlorinated compounds caused by the monitoring procedure was corrected for by calculation.
Analytical methods. Samples of liquid cultures were prepared for protein analysis as described previously (10) . The protein concentration was measured by the method of Bradford (4), with bovine serum albumin used as a standard. All assays were performed in duplicate. The standard errors for the range of 10 to 60 ,ug of protein were within 5%, and the detection limit was 2 .ig of protein.
Headspace concentrations of chlorinated aliphatic compounds were determined by gas chromatography (10) . Sterile samples were withdrawn from the serum bottles by using a 1.0-ml gas-tight syringe (Pressure Lok, series A-2) at 35°C and were injected directly into the gas chromatograph. Standard curves were performed by analyzing serum bottles containing degassed, deionized water and the chlorinated compound. The standard errors were within 10%, and the detection limits, corresponding to the concentrations in liquid culture, were 0.5 ,ug/liter for TCA, 1.0 p.g/liter for DCA, and 0.7 jig/liter for DCE.
Abbreviations. The following abbreviations are used in this RESULTS Abiotic dehydrohalogenation of TCA to DCE. The abiotic transformation of TCA was studied by monitoring the formation of DCE with time. TCA (75 to 750 ,uM) was added to sterile medium C, and the formation of DCE was measured (Fig. 1) . The pseudo-first-order rate coefficient for the formation of DCE was assumed to be equivalent to the rate coefficient ke for TCA transformation (22) :
ke [TCA] (1) dt Since the TCA concentration decreased less than 4% during the experiment (data not shown), the TCA concentration could be assumed to be equal to the initial concentration correlation coefficients (r), are given in Table 1 . The mean value for kc was 0.0024 per day (0.86 per year), which corresponds to a half-life for TCA of 290 days (0.80 year). No abiotic DCA formation was observed. Biotic dehalogenation of TCA to DCA. Serum bottles containing medium C and TCA (0.75 to 750 jiM) were inoculated with strain TCAIIB, and the concentrations of TCA, its biotransformation product DCA, and the abiotically formed DCE were measured periodically. Growth of the organism was followed by measuring the protein concentration, which reached a maximum 20 h after inoculation in all cultures (data not shown). This was considered to be time zero for the evaluation of rate parameters. The maximum protein concentration decreased with an increase in the initial TCA concentration ( Table 2) , whereas the formation of DCA was higher in cultures with higher TCA concentrations ( Fig. 2 ). After 8 days of incubation, no TCA remained in the culture with the lowest TCA concentration (0.75 jiM), and at the end of the experiment (35 days) 96% of the TCA was depleted from the culture with an initial concentration of 7.5 jiM (data not shown). The molar ratios of the DCA formed to the TCA biotransformed (a) were 0.32, 0.53, and 0.48 in the cultures with 0.75, 7.5, and 37.5 jiM TCA, respectively. Because of the small portion of TCA that was transformed in cultures with high TCA concentrations, no measured decrease in the TCA concentration occurred. Therefore a could not be determined for TCA concentrations higher than 37.5 jiM.
No DCA was detected in sterile controls. The abiotic formation of DCE was the same as that which was observed in noninoculated cultures (data not shown). At the end of the experiment, more DCE (abiotic) than DCA (biotic) was formed in inoculated cultures with 375 and 750 jiM TCA. Neither DCA nor DCE (<20 jM) altered the biotransformation rates for TCA. Control experiments showed that DCA and DCE were not further transformed abiotically or biotically.
Rate of TCA biotransformation. The rate of utilization of primary substrates for bacterial growth often is represented by the Monod relationship: (3) where [SI is the concentration of primary substrate, [XA is the concentration of active biomass, k is the maximum rate coefficient of substrate utilization, and Ks is the half-velocity coefficient. The Monod relationship served as a fundamental equation for the modeling of TCA biotransformation.
Cultures with high TCA concentrations (no significant depletion of TCA) showed a decrease in DCA formation over time (Fig. 2) ; this could only be modeled by the Monod (7) Here it was assumed that all the specific activity of the biomass was active at time zero. For the cases in which
[TCA]0 was much higher than Ks, Equation [TCA],-[TCA]0 (9) By using the least-squares method, the experimental data for the bottles with 37.5 and 75 piM TCA were fit together with kDCA* into Equation 9 , and the values for Ks were obtained ( Table 2 ). The lower TCA concentrations were chosen, because they were known to be closer to the value for Ks than the higher concentrations were, thus permitting a more accurate estimation. The coefficients of determination r2 were 0.95 and 0.98 for TCA concentrations of 37.5 and 75 jiM, respectively. The mean value for Ks (Ks* = 31 FiM) was used for further calculations.
Similarly, the rate of TCA utilization is given by Equation (12) The coefficient for the maximum rate of TCA biotransformation kTCA was obtained by dividing kDCA* by a*. A comparison between the measured DCA formation and that calculated from Equation 12 by using the average values for the coefficients listed in Table 2 is illustrated in Fig. 3 . Because most of the TCA was biotransformed after the exponential growth phase in the culture with 0.75 FLM TCA, no comparisons were made for this TCA concentration. With exception of the culture with a TCA concentration of 7.5 FiM (Fig. 3E ; r2 = 0.47), in which the TCA concentration dropped during the experiment to 4% of the initial value, the model fit the experimental data well (r2 . 0.95). DISCUSSION Previous biotransformation studies of chlorinated aliphatic C1 and C2 compounds by Clostridium sp. strain TCAIIB were performed with low concentrations (100 ,ug/ liter) of chlorinated compounds (10) . It was shown that TCA is completely biotransformed (.99.5%) to DCA, acetate, and unidentified products. No DCE formation was observed either biotically or abiotically, as could be expected from the reported abiotic transformation rates (24) .
For rate studies it was necessary to increase the TCA concentration. Therefore, the abiotic transformation of TCA could not be neglected. The pseudo-first-order rate coefficient for the abiotic formation of DCE (ke) was determined to be 0.86 per year in sterile medium C at 35°C. The abiotic transformation of chlorinated aliphatic compounds under anaerobic conditions has been shown to be enhanced by Fe2+ ions and porphyrins, which were both present in medium C. The value for ke was in the same range as that reported by Walraevens et al. (24) for 35°C and pH 7.5 (k = 0.66 per year) (8). Vogel and McCarty (22) reported a ke value of 0.040 per year for TCA in groundwater at 20°C, which corresponds to a value of about 0.11 per year at 35°C. Acetate, another abiotic transformation product of TCA, was not measured because of the analytical problems associated with the medium that was used. The rate coefficient for the overall hydrolysis of TCA (kh) is probably higher than ke (23) .
To describe the rate of TCA biotransformation for nongrowing cells, different TCA concentrations were subjected to bacterial transformation. The concentrations of TCA and DCA were measured periodically. The observation that DCA formation decreased with time led to the hypothesis of the existence of a certain reductive dehalogenation capacity for TCA within a given nonfed culture. This capacity was assumed to be determined by the overall metabolic activity of the cell, which decreased after the depletion of energyyielding substrates. Since strain TCAIIB was grown on a rich medium, it is not known what compounds were available from which the organism gained metabolic activity during the stationary phase. Strain TCAIIB was shown to grow on proteins and amino acids, and thus probably is able to derive metabolic activity from decay products of dead microorganisms during the stationary phase (10). Many fermentative organisms transfer reduction equivalents to organic electron acceptors. The reductive dehalogenation of TCA requires 2 mol of electrons per 1 mol of DCA formed. Thus, TCA might compete with natural electron acceptors such as amino acids. Indeed, the ultimate DCA formation capacity was somewhat higher at higher TCA concentrations, indicating that a higher percentage of the electron flow within nongrowing cells went into DCA formation. The hypothetical formula of C5H702N to C02, 20 mol of electrons is generated per 1 mol of biomass oxidized. Assuming that the same amount of electrons was formed during the decay of strain TCAIIB, about 3% of the theoretically produced electrons were used for the reduction of TCA. Because strain TCAIIB cannot oxidize organic substrates completely (10) , and because the protein concentration in the cultures at the end of the experiment was greater than 50% of the initial value (data not shown), the percentage of electrons going into the reduction of TCA might be even higher. This leads to the question of whether TCA degradation can be enhanced by the addition of electron donors to resting cells. Further studies are needed to obtain more information about the metabolism of strain TCAIIB and how the electron flow inside the cell might be made available for TCA transformation. Based on the ultimate DCA formation capacity and the resulting first-order decay coefficient for the biomass activity, a model was developed to determine the Monod equa-tion coefficients Ks and kTCA. The value for k, (31 FM) is low, indicating a rather high affinity for TCA by strain TCAIIB, and is in the same order of magnitude as the values for trichloroethene, cis-1,2-dichloroethene, trans-1,2-dichloroethene, and DCE determined for anaerobic sediments (1, 2). The coefficient of the maximum rate of TCA transformation (kTCA) was determined to be 0.28 p.mol/mg per day, which is more than 2 orders of magnitude higher than the reported transformation rates for trichloroethene in the reductive dehalogenation of tetrachloroethene by the dechlorinating bacterium DCB-1 (2.34 nmol/mg per day), Methanosarcina sp. (0.84 nmol/mg per day), and Methanosarcina mazei (0.48 nmol/mg per day) (9) . The ratio of kIKs (kTCA/Ks = 0.009 liter/mg per day), which is often used to estimate half-lives of organic compounds, is in agreement with the recently reported data (0.003 to 0.013 liter/mg per day) for the same organism (10) , but is about one-tenth of the ratio for secondary substrate utilization measured for TCA in anaerobic, acetate-grown biofilms (3) protein concentration is 50% of the biomass dry weight. Since the latter study used continuously fed columns under methanogenic conditions, the difference in the kIKs ratios might be a result of different organisms, different experimental conditions, or the difference in the growth state of the biotransforming microorganisms.
DCA is not the only biotransformation product of TCA (10), and therefore, the Ks and kTCA values represent the coefficient for the overall biotransformation of TCA. The molar ratios (a) of DCA formed to TCA used were 0.32, 0.53, and 0.48 for TCA concentrations of 0.75, 7.5, and 37.5 ,uM, respectively. There does not appear to be a significant variation in a with TCA concentration, and therefore, a mean value of 0.5 was assumed for the model.
Modifications of the Monod relationship for primary substrate utilization led to a model which allowed the prediction of TCA biotransformation (Equation 12 ). For high concentrations of TCA (-37.5 FLM), the model fit the data well (r2 2 0.95), whereas for a TCA concentration of 7.5 puM, the model underpredicted the DCA formation by a factor of about 2 (r2 = 0.47; Fig. 3 ). Although TCA (.750 ,uM) and DCE (<20 FLM) did not significantly inhibit TCA biotransformation by resting cells, higher concentrations did affect cellular yield and also may have affected the activity of the biomass.
The culture with a TCA concentration of 7.5 ,iM degraded 96% of the initial TCA concentration, and only a small concentration of DCE was formed abiotically (<1.0 jiM).
The effective kdl, therefore, might be lower than the value obtained by linear regression for high TCA concentrations. To fit the experimental data for 7.5 ,uM equally well as for higher TCA concentrations (r2 = .0.95), a kd value of 0.002 per day would be necessary. This value seems to be too low, since the observed overall rates of organism decay (b), which are frequently determined for heterogeneous microbial cultures, are between 0.02 and 0.48 per day (11) . For Clostridium utilis a b value of 0.24 per day at 35°C has been reported (20) . The measured values for kd were in a similar range (0.05 to 0.1 per day). The relationship between kd,l which represents the decrease of dehalogenation activity, and b has not been investigated. While the yield of biomass, which was determined as protein concentration, decreased with an increase in the TCA concentration, the formed biomass appeared to have stayed active longer at high TCA concentrations (lower kd).
An important environmental factor is the effects of TCA and its transformation products DCE and DCA on human health. The maximum contaminant levels for volatile organic chemicals in drinking water established by the U.S. Environmental Protection Agency are 200 and 7 jig/liter for TCA and DCE, respectively, whereas DCA has not yet been regulated by the agency and thus is, perhaps, less of a health concern. Because DCE is relatively toxic, biotransformation of TCA to DCA in order to reduce the formation of DCE may be advantageous.
The mathematical model for TCA biotransformation presented here and the knowledge of the abiotic DCE formation rate allowed the prediction of TCA disappearance and the formation of the halogenated products DCA and DCE in laboratory cultures at 35°C. The biotic DCA formation rate at 20°C was about one-third of the formation at 35°C (data not shown) and might be more relevant for predictions of TCA biotransformation in groundwater. Concentrations of TCA-transforming microorganisms in the environment are not known. However, the model allowed us to compare abiotic and biotic TCA transformations for given concentrations of active biomass (Fig. 4) . Additional studies are needed concerning natural transforming microbial populations and their respective transforming activities so that predictions can be made of the fate of chlorinated aliphatic hydrocarbons at contaminated sites.
